Abstract-A simple technique is presented which utilizes dualridged waveguide to rectangular waveguide transitions to provide broadband material characterization measurements. Compared to a recently published technique which used dual-ridged waveguides, the proposed method significantly simplifies specimen preparation while maintaining measurement bandwidth. The behavior of the fields in the dual-ridged waveguide to rectangular waveguide transitions is briefly discussed. In addition, a brief discussion on the derivation of the theoretical scattering parameters, required for the extraction of permittivity and permeability of the material under test, is provided. Experimental material characterization results of a magnetic absorbing material are presented and analyzed to validate the proposed technique.
I. INTRODUCTION

M
AGNETIC shielding materials are used in numerous EMC/EMI applications. For instance, they are now routinely utilized to reduce scattering from cavities, reduce transient noise in electrical devices, reduce the backscatter observed from object support pylons in compact radar cross section ranges, reduce mutual coupling between antenna array elements or between antennas and their surroundings, etc. Considering their widespread use, knowledge of the relative complex permittivity ε r and permeability μ r of these materials is critical in the design of modern RF systems. Therefore, simple, accurate, and broadband RF material measurement techniques are of great utility.
Recently, a destructive, broadband RF characterization technique which used dual-ridged waveguides (DRWGs) was presented [1] . The technique yielded accurate ε r and μ r results of a magnetic absorbing material from 6-18 GHz (a measurement bandwidth comparable to transverse electromagnetic systems [2] , [3] ) while reducing the number of required measurements by a factor of three compared to a traditional rectangular Manuscript waveguide (WG) system. The main drawback of the DRWG approach was in sample preparation, which was significantly more difficult than in the rectangular WG case. Furthermore, due to the nature of the dominant DRWG mode (i.e., significant field fringing in the proximity of the ridge), the accuracy of ε r and μ r was extremely sensitive to sample fit (viz., air gaps), especially in the vicinity of the ridge.
In this letter, a simple technique is presented which overcomes these difficulties. The proposed method uses DRWG to rectangular WG transitions. The transitions are designed in such a way so as to minimize the excitation of higher order modes in the rectangular WG region holding the material under test (MUT), thus ensuring only dominant-mode propagation in the measurement system. In this way, broadband characterization measurements are possible using a traditional rectangular WG sample holder, thereby significantly simplifying MUT sample preparation.
This letter proceeds as follows: In the next section, the measurement technique is developed analytically. A discussion of the fields in the WG transitions is provided as well as the theoretical expressions for the reflection (S ) coefficients necessary for ε r and μ r extraction. Following the theoretical development, material measurement results of a magnetic shielding material specifically designed to reduce scattering from cavities are presented comparing the ε r and μ r values obtained using the proposed technique with those obtained using the traditional rectangular WG and DRWG systems. Last, this letter is concluded with a discussion of the contributions of this study.
II. METHODOLOGY
Consider the measurement geometry depicted in Fig. 1 . Two DRWG to rectangular WG transitions sandwich a rectangular WG straight section which holds the MUT. The DRWG to rectangular WG transitions are subsequently connected to DRWG straight sections which ultimately connect to vector network analyzer (VNA) ports 1 and 2. The frequency range of operation is such that only the dominant DRWG mode, a TE z mode (labeled TE z DM in Fig. 1 ), is propagating. In the transition regions, the ridges are gradually tapered eventually becoming a rectangular WG of dimensions a × b which are larger than the cross-sectional dimensions of the exciting DRWGs. The MUT of thickness d (assumed linear, isotropic, and homogeneous with unknown parameters ε r and μ r ) is placed in the rectangular WG section (of length h) and rests against the z = 0 plane, i.e., Fig. 1 . Geometry of the proposed measurement system. The figure depicts two DRWG to rectangular WG transitions sandwiching a rectangular WG straight section (of length h) holding the MUT (of length d). The DRWG to rectangular WG transitions are subsequently connected to DRWG straight sections which ultimately connect to VNA ports 1 and 2. In this study, the MUT is assumed to be linear, isotropic, and homogeneous with parameters ε r and μ r . Note that CP 1 stands for calibration plane 1 and CP 2 stands for calibration plane 2.
calibration plane 1 (CP 1). The MUT is assumed to uniformly fill the cross section of the rectangular WG.
As a consequence of operating the proposed system at the DRWG design frequency range, in general, higher order modes will be excited at the WG/transition region connections (vertical dashed lines in Fig. 1 ). In this study, it is assumed that the magnitudes of these higher order modes are insignificant compared to the dominant mode magnitude, and therefore, can be neglected. Even with this assumption, one must also be certain that the dominant DRWG mode "evolves" into only the rectangular WG TE z 10 mode as the ridges vanish in the transition regions. Indeed, several researchers have shown this to be the case [4] , [5] .
With the aforementioned considerations, the ε r and μ r of the MUT can be found by first deriving expressions for the theoretical reflection and transmission coefficients. Expressions for these coefficients are found by enforcing the continuity of the transverse fields at the front and back faces of the MUT. These quantities take the common form [6] , [7] 
where propagation constants for the MUT-filled and air-filled rectangular WG regions, respectively. With the coefficients given in (1), the ε r and μ r of the MUT can be found using the closed-form NicolsonRoss-Weir (NRW) [6] , [7] technique or via a numerical root search.
It should be stated that for broadband material characterization measurements like those proposed in this letter, the NRW technique does not yield unique ε r and μ r values when the sample length is a multiple of half the wavelength in the MUT, i.e., mλ MUT /2. Numerous techniques have been developed to resolve this ambiguity [8] . Note that since the MUT considered here is lossy and its thickness d is less than λ MUT /2 at 18 GHz, no special technique is required to obtain accurate ε r and μ r values.
III. EXPERIMENTAL RESULTS
Material measurements were made at 6-18 GHz of ECCOSORB R FGM-125 (d = 3.12 mm), a silicon-based lossy magnetic absorbing material, using an Agilent E8362B VNA [9] . The measurement apparatus consisted of two Microwave Engineering Corporation (MEC) WRD650 DRWG-to-coaxial adapters attached to two 15.24-cm MEC WRD650 to WR137 transitions [10] . The MUT was supported in a locally machined 8.50 mm WR137 straight section. A photograph of the measurement apparatus is shown in Fig. 2 .
Before the material measurements were made, the apparatus was calibrated using a thru-reflect-line (TRL) calibration [11] . For the proposed measurement apparatus shown in Figs. 1 and  2 , the thru calibration measurement recorded the response when the two WRD650 to WR137 transitions were connected together; the reflect measurement captured the response when a metal short was placed in between the two WRD650 to WR137 transitions; and last, the line measurement recorded the response when a WR137 straight section was placed in between the two WRD650 to WR137 transitions. Note that two line standard measurements were necessary to cover the entire 6-18 GHz measurement band. The line standards were locally machined from a 13.7 mm Maury Microwave WR137 straight section. They measured 8.50 mm and 4.82 mm and were used to calibrate the raw measured S-parameters from 6-12 GHz and 12-18 GHz, respectively. The 8.50 mm line standard also served as the MUT sample holder discussed previously.
The TRL calibration placed the port 1 and port 2 calibration planes at the faces of the WRD650 to WR137 transitions (z = 0 and z = h in Fig. 1 ), respectively. These calibration planes were then phase shifted to their desired locations at the front and back faces of the MUT by 
The ε r and μ r of FGM-125 were found by averaging the closedform NRW forward (values computed from S ) results. Fig. 3 shows the results for FGM-125. Fig. 3(a) and (b) reports the ε r and μ r results, respectively. Plotted in the figures are five sets of traces: results obtained using a WR137 rectangular waveguide (dotted brown traces), results obtained using three rectangular WG bands, i.e., WR137, WR90, and WR62 (dashed blue traces), results obtained using a WRD650 (dashed-dotted red traces), results obtained using the WRD650 to WR137 transitions, viz., the proposed technique (solid black traces), and results obtained using the proposed technique after time-domain gating (using a ±1 ns gate) the measured S-parameters (solid green traces). The bars on the solid green traces represent the errors in the ε r and μ r measurements (±2σ ε r and ±2σ μ r ) for the proposed technique considering uncertainties in sample position σ = 0.05 mm, sample thickness σ d = 0.05 mm, sample-holder length σ h = 0.05 mm, and measured S-parameters (see [9] for σ S m e a s i j ). From 6 GHz to approximately 8.6 GHz, there is very good agreement between all five datasets. At frequencies greater than 8.6 GHz, the results yielded by the WR137 are unreliable due to the fact that the structure permits multiple modes to propagate. The cutoff frequency of the TE z 20 mode in a WR137 rectangular WG is 8.6028 GHz. Physically, one would expect that the TE z 20 mode is not excited with a symmetric excitation and measurement structure. However, as is evident from Fig. 4 , the excitation region of the WR137 rectangular WG to coaxial adapter used in the experiment is asymmetric. Therefore, it is very likely that the TE z 20 mode is responsible for the poor performance of the WR137 system starting at 8.6 GHz. It should be noted that the WR137 adapter pictured in Fig. 4 is optimized for single-mode operation, hence, the "tuning" screws. It might be possible to design a WR137 adapter with a symmetric excitation which does not excite the TE z 20 mode. However, the useable bandwidth of such a system would still be limited by the cutoff frequencies of the TE Plotted in each figure are five traces: results obtained using a WR137 rectangular WG (dotted brown traces), results obtained using three rectangular WG bands, i.e., WR137, WR90, and WR62 (dashed blue traces), results obtained using a WRD650 (dashed-dotted red traces), results obtained using the WRD650 to WR137 transitions, viz., the proposed technique (solid black traces), and results obtained using the proposed technique after time-domain gating the measured S-parameters (solid green traces). The bars on the solid green traces represent the errors in the ε r and μ r measurements for the proposed technique considering uncertainties in sample position, sample thickness, sample-holder length, and measured S-parameters.
it is possible for eleven modes to propagate in a WR137 from 6-18 GHz. The cutoff frequencies of the equivalent DRWG modes in a WRD650 to the rectangular WG modes mentioned earlier are approximately 18.31 (TE z 20 DRWG mode equivalent) and 18.69 GHz (TE z 11 DRWG mode equivalent), respectively. Because of this and the gradual geometry change inherent in the WRD650 to WR137 transitions, these modes, and perhaps, others are weakly evanescent in the transitions regions of the apparatus and are, therefore, able to travel significant distances in them. Although the presence of higher order modes corrupt the ε r and μ r results of the proposed technique in the 16-18 GHz frequency range, the degradation is significantly less than that obtained using a WR137.
Before concluding, it is worth noting that the deleterious effects of higher order modes on the proposed technique can be lessened by time-domain gating the measured S-parameters before extracting ε r and μ r (solid green traces). The motivation for using time-domain gating comes from noting the "highfrequency, noisy" behavior of the ε r and μ r results when corrupted by higher order modes. To a degree, this unwanted behavior can be mitigated by band-pass filtering, which, in this context, is equivalent to gating the measured S-parameters in the time domain. Physically, it is hypothesized that time-domain gating helps mitigate the impact of higher order modes because of the propagation velocity difference between modes. Since higher order modes propagate more slowly than the dominant mode, their influence on the measured S-parameters is observed later in time than the main dominant-mode response. The time difference between the dominant mode and higher order mode responses is not so great that they are distinctly resolved; however, the time delta is enough such that gating can remove some of the effects of higher order modes. Note that, while gating does lessen the impact of higher order modes, it reduces the effective measurement bandwidth by approximately 2 GHz. This is evident in the solid green traces at the frequency band edges. The "roll off" in the results is a by-product of the time gate.
IV. CONCLUSION
In this letter, a simple technique was presented which used DRWG to rectangular WG transitions to provide broadband material characterization measurements of an unknown MUT. When compared to a recently published DRWG characterization method [1] , the proposed method significantly simplified specimen preparation efforts while maintaining the enhanced bandwidth of the DRWG technique. Measurement results were presented of a lossy, silicon-based magnetic shielding material to verify the new technique. It was found that the new method yields results comparable to traditional rectangular WG and DRWG techniques. It was also found that at higher frequencies, the ε r and μ r results yielded by the proposed technique are susceptible to degradation caused by higher order modes. As was demonstrated, this degradation can be mitigated to a degree by time-domain gating the measured S-parameters prior to extracting ε r and μ r at the expense of measurement bandwidth.
